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Abstract 
The distinctive paper is devoted to multilevel methodology of numerical seismic analysis of coupled systems “foundation – shell 
– pontoon (floating roof) – column(s) – fluid” (Methodology). It can be effectively used to help to ensure the safety of vertical 
cylindrical steel storage tanks for oil and petroleum products (hereinafter – tanks). Authors of Methodology have analyzed and 
taken into account of corresponding Russian design codes dealing with the safety of reservoirs, experience of design and analysis 
of reservoirs, international publications on issues of mathematical (computer) simulations of behavior of tanks. 
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1. General terms 
The considering Methodology establishes uniform technical requirements for numerical modeling of coupled 
systems “foundation – shell – pontoon (floating roof) – column(s) – fluid” system (coupled system) under seismic 
loads within design and analysis of tanks, allows to take into account the actual behavior of tanks. Results of 
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numerical simulations, obtained with the use of Methodology, are more precise in comparison  with results, obtained 
with the use of engineering (design) techniques involving the introduction of numerous hypotheses and simplifying 
assumptions. The actual behavior of the tanks associated with a number of difficult (in the context of simulation) 
processes and phenomena (the possibility of significant wave amplitude of fluid, stored in a tank; non-linear nature 
of the fluid – structure interaction; strong deformation of foundation and walls of the tank; interaction between 
construction and foundation; presence of pontoon (floating roof), column(s) etc.  
Lagrangian formulation of motion (i.e. particles are followed in their movement) is employed to model behavior 
of solid media and fluid. Theoretical foundations of Methodology are described in [1-5]. Generally methodology is 
based on application of finite element method (FEM). The main objective of corresponding finite element model is 
to determine idealization conditions for coupled system (namely mesh approximation, allowance for elastic and 
dissipative properties and selection of appropriate functional dependencies) and to provide the required accuracy of 
definition of dynamic response of coupled system at acceptable cost of computation time. Problems of interactions 
of elements of coupled system are a special object of research and simulation (including finite element analysis 
(FEA), allowance for physical and geometric nonlinearities, maximum approximation of the mathematical model of 
foundation to the real practice). 
2. Numerical simulation of system “tank bottom plate – shell – tank roof – columns” 
Structures of the tank (tank bottom plate, tank shell, tank roof) are modeled properly with the use of four-node 
shell finite elements and two-node three-dimensional beam finite elements. 
Shell element (particularly SHELL181 element in ANSYS Mechanical) is suitable for analyzing thin to 
moderately-thick shell structures and can be used for layered applications for modeling composite shells or sandwich 
construction. The accuracy in modeling composite shells is governed by the first-order shear-deformation theory 
(usually referred to as Mindlin-Reissner shell theory). There are six degrees of freedom at each node: translations in 
the x , y  and z  directions, and rotations about the x , y  and z -axes. Elements must be well-suited for linear, large 
rotation, and/or large strain nonlinear applications. Change in shell thickness is accounted for in nonlinear analyses. 
In the element domain, both full and reduced integration schemes are supported. 
Beam element (particularly BEAM188 element in ANSYS Mechanical) is suitable for analyzing slender to 
moderately stubby/thick beam structures and based on Timoshenko beam theory which includes shear-deformation 
effects. There are six or seven degrees of freedom at each node. These include translations in the x , y  and z  
directions and rotations about the x , y  and z  directions. A seventh degree of freedom (warping magnitude) is 
optional. This element is well-suited for linear, large rotation, and/or large strain nonlinear applications. 
Modeling of column(s) is performed with the use of shell or beam finite elements described above. Column is 
mounted to tank (top and bottom) should be done in accordance with the design parameters of the tank. 
3. Numerical simulation of pontoon (floating roof) and fluid 
Pontoon (floating roof) of the tank is modeled with the use of four-node shell finite elements and two-node three-
dimensional beam finite elements described above. 
Fluid is modeled with the use of eight-node hexahedral isoparametric finite elements with three degrees of 
freedom (displacements) in each node and zero shear stiffness [5] (particularly FLUID80 element in ANSYS 
Mechanical). 
4. Numerical simulation of coupled system and approximation of contact relations 
Restrictions on the degree of freedom in the horizontal direction are imposed at contact surfaces “fluid – shell”, 
“fluid – column”. Restrictions on the degree of freedom in the vertical direction are imposed at contact surfaces 
“tank bottom plate – shell”. 
Seal (set of springs) should be modeled by non-linear radially located two-node finite elements (i.e. uniaxial 
elements with a nonlinear generalized relation between loads and displacements, which can be used in various types 
of analysis). Corresponding springs must work only in compression in the radial direction. After backlash (gap) is 
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taken up (according to the specific structural features), the stiffness increases significantly, reflecting the rigid 
pontoon radial contact with the shell. Spring stiffness (depends on the number of finite elements) is determined on 
the basis of initial stiffness of pontoon spring with unit distance between springs (pitch). If design springs are 
arranged with a variable pitch, the stiffness of each spring is calculated on the base of distances to neighboring 
springs depending on the number of finite elements circumferentially. 
In the case of simplest formulation with allowance for elastic properties of shell contact relations have the form 
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where F
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u  is the displacement in a direction of outward normal (in horizontal direction) for fluid; W
n
u  is the 
displacement in a direction of outward normal (in horizontal direction) for structure (Fig. 1). 
 
 
a)                                                b)                                                   c)                                     d) 
Fig. 1. Contact “fluid – structure” relations: a) contact between fluid and shell; b) contact between floating roof (pontoon) and shell;  
c) contact between fluid and floating roof (pontoon); d) contact between fluid and tank bottom plate. 
If shell is considered as rigid contact relations have the form 
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where Ru1  and 
Ru 2  is displacement components of node, located at the edge (boundary) of floating roof. 
If elastic properties of shell is taken into account (Fig. 1b,c) corresponding equations for boundary nodal 
displacements of shell, floating roof (pontoon) and fluid have the form 
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Two-node finite elements with zero stiffness (described above) in the given domain of backlash is introduced in 
the horizontal direction in the contact area between column and pontoon (floating roof). 
Contact relations in the area between tank bottom plate and fluid have the form (1) (Fig. 1d). 
Foundation of tank can be considered as rigid or elastic with the corresponding dynamic coefficient. 
5. Design loads and actions 
Structural analysis of tanks is performed by the method of limit states [6,7].  
Tank must support design loads and actions in the process of construction and during the operation period. 
Classification, standard and design values of loads and actions, consideration of their adverse combinations are 
carried out on the basis of climatic and seismic conditions, technological features of operation of tanks in accordance 
with [8]. Design value of the load should be defined as the product of its standard value on the safety factor for the 
load corresponding to the considered limit state [8]. Limiting values of deflections and re displacements of structural 
elements should be taken according to [8-10].  
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Analysis of considering coupled systems are generally performed according to adverse load combinations. These 
combinations are established from the analysis of real options of simultaneous action of various loads for the given 
operational stage of the object, in accordance with well-known procedures, implemented in advanced finite element 
software and design codes [6]. 
Basic load combinations include dead loads (dead weight of structures of tank), temporary long-term loads 
(weight of stationary equipment; fluid (hydrostatic) pressure; burst pressure; relative vacuum in gas space; snow 
loads with a reduced standard value; weight of the insulation; temperature effects; impact of the deformations of 
foundation (which is not accompanied by fundamental changes in soil structure)), temporary short-term loads (wind 
loads; snow loads with full standard value; weight of people, tools and repair materials; loads dealing with 
manufacture, storage, transportation and installation of tank structures). Special load combinations include dead 
loads, temporary long-term loads, temporary short-term loads and one of the special loads (seismic loads; emergency 
load associated with the violation of technology; impact of the deformations of foundation (which is accompanied by 
fundamental changes in soil structure); load occurring during the disaster). Seismic loads, resulting from the 
earthquake, are the most dangerous for tanks, constructed in seismically active areas. Loads and their combinations 
for structural analysis are given in [6]. Seismic analysis of coupled system should be done after analysis of system 
under basic load combinations. 
Full load from the fluid on the shell and tank bottom plate in the case of earthquake condition includes [6] 
hydrostatic pressure, load from excess pressure, impulsive (inertial) component of hydraulic pressure, convective 
(kinematic) component of hydraulic pressure, component of seismic load from vertical ground vibration. 
Traditionally, basic methods for determining the seismic loads are spectral method and direct dynamic method. 
Spectral method has a number of conventions and contradictions with respect to the work of buildings and structures 
under load. Direct dynamic method, using earthquake accelerograms, provides more objective results (the design 
seismic action is defined as a set of accelerograms).  
It is necessary to use real (analogue) accelerograms specific to the location of construction area. In cases of their 
generation of artificial (synthetic) accelerograms, based on soil conditions of the construction site, is required. 
Parameters of the seismic action are normally given by the Customer on the base of results of seismic zoning of 
construction site. 
Instrumental or synthesized accelerograms determine the law of motion of the soil on free surface of site of object 
and provided, as a rule, by the specialized organizations. Seismic stations with known records of acceleration may 
not be close to the object. Accelerograms collection described in the relevant literature can be used in the part of 
such cases. 
Seismic analysis should be performed at 33%, 66% and 100% of the maximum design value tank innage level. 
Seismic effects can have any direction in space. Seismic analysis should done with allowance for simultaneous 
seismic loads in all considering directions. 
Earthquakes, characterized by small periods of seismic effects, cause the appearance of waves on the surface of 
fluid with a relatively low height (due to the short duration of action and poor frequency content near the frequency 
of basic tone of its own oscillations of the system). Long-period seismic effects, on the contrary, initiate appearance 
of waves with greater height (due to the long duration of the respective impact and richer frequency content near the 
first natural vibration frequencies). 
Seismic impact in the nearest zone lead to great values of transverse forces and moments in the wall of the tank 
(shell) due to greater value of acceleration and, as a consequence, to significant contribution of impulsive modes for 
earthquakes in the near field. It is necessary to provide geophysical studies of tank foundation in the areas with high 
seismic activity. 
6. Time discretization and numerical solution of resultant system of linear algebraic equations 
Selection of the time integration scheme for finite element equations, describing the behavior of the coupled 
system, is a crucial step of solution. It is advisable to use the implicit scheme (Newmark method [4]), which is 
unconditionally stable. There are no appropriate restrictions on the time step, However, precision requirements 
should be taken into account.  
Direct or iterative methods can be used for solution of resultant system of linear algebraic equations. 
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7. Results of analysis 
Main results of analysis of coupled systems under basic load combinations include the following parameters: 
– stresses and displacements (circumferential and meridional) in the tank wall (shell) [6,11]; 
– stresses, strains and displacements in elements of pontoon or floating roof (where possible) [6,11]; 
– stresses in support columns of pontoon or floating roof [6,11,12]; 
– stresses and strains in elements of fixed (stationary) roof, where possible (including joint of fixed roof and tank 
wall) [6,11]; 
– stresses in anchoring elements tank wall (where possible) [11,12]; 
– stresses and strains in joint of tank wall and tank bottom plate (where possible) [6,11]; 
– stresses (circumferential and meridional) in tank bottom plate [6,12]; 
– strains of joint weld of tie-in of nozzle in the tank wall [6]; 
– absolute and relative displacements of structures of tank foundation [6]. 
Main results of seismic analysis of coupled systems include the following parameters: 
– vertical compressive stress in the rings of tank wall under seismic loads [6]; 
– stresses and strains (circumferential and meridional) in tank wall (including stresses cause by impact of the 
pontoon (floating roof) on the tank wall [11,12]; 
– integral characteristic of a dynamic tilting moment [6,11,12] (load transmitted from the tank to basement  and 
foundation are determined depending on the design, technological climatic and seismic loads, their combinations 
thereof, in accordance with [12]; 
– integral characteristics of the forces that hold the tank from tipping [6]; 
– wave height of the fluid surface contained in the tank [6]; 
– displacements in elements of pontoon or floating roof (where possible) [6,12]; 
– stresses, strains and displacements in columns slideway of pontoon or floating roof; 
– displacements of tank bottom plate [6]; 
– stresses in anchoring elements tank wall (where possible) [6]. 
8. Criteria of static strength and aseismic strength 
In accordance to the results of analysis of coupled system under basic load combinations the following conditions 
must be satisfied: 
– rings of tank wall must not lose strength and stability [6,12]; 
– maximum stresses and strains in the elements and joints of the pontoon (where possible) must not exceed 
corresponding limit values for providing of strength and stability in accordance with design codes [9,11]; 
– maximum stresses and strains in the elements and joints of the floating roof (where possible) must not exceed 
corresponding limit values for providing of strength and stability in accordance with design codes [6,11]; 
– buoyancy and the load-bearing capacity of floating roof (pontoon) must be provided (where possible) for two 
positions: afloat and on the support columns, including the verification of the load-bearing capacity of the supports 
[6,11,12]; 
– strength of stiffening rings on the tank wall must be provided [11]; 
– maximum stresses and strains in the elements and joints of the fixed roof (where possible) must not exceed the 
limit values for providing strength and stability in accordance with design codes [6,9]; 
– maximum stresses in the anchor bolts fastening the tank wall must not exceed the limit values for providing 
strength [6,12]; 
– strength of joint of tank wall and selvages of the tank bottom plate under all design load combinations must be 
provided [6,11] 
– strength of the tank bottom plate must be provided [6,12]; 
– strength of the tank wall with respect to local stress on the connecting pipes must be provided [6,11,12]; 
– absolute and relative displacements of foundation structures and elements of the steel tank shell must not 
exceed the limit values [6]. 
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Seismic strength coupled system is provided if the following conditions are satisfied: 
– rings of tank wall must not lose strength and stability [6,11,12]; 
– gravitational wave on the free surface (or at the contact surface between fluid and pontoon) must not reach the 
fixed roof construction or the top mark on the vertical tank walls and must not lead to a loss of performance of 
pontoon (floating roof) [6,11,12], i.e. 
 
smax
HdHH '                                                                                                                                                 (4) 
where H  is the filling level of fluid (operational stage); H'  is curb height of pontoon (above fluid); 
max
d  is wave 
height on the surface of the fluid during an earthquake; 
s
H  is the height of tank wall; 
– the tank must not overturn [6,11,12]; 
– strength and stability of the fixed roof of tank (where possible) must be provided [12]; 
– strength and stability of columns slideway of pontoon or floating roof (where possible) must be provided; 
– strength of all load-bearing structures of the tank must be provided [6]; 
– contact interactions between connecting pipes of the pontoon and the columns slideway (where possible) and 
between tank wall and edge of pontoon (where possible) must be absent (the presence of the contact interactions 
suggests the need for advanced mathematical (computer) simulation (normally finite element analysis) of the 
behavior of the system). 
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